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ABSTRACT )

(S) During October 1971, as Part of Prairie Smoke 1,

Measurements were made of signals transmitted through the

Stationary Satellite at 137 MHz; the morphology and mo-
tion of the artificia] Spread F (ASF) irregularities were
deduced by Spaced-recejver Mmeasurements of that Signal.

Similar information was gathered in December 197 and

February 1977 (Prairie Smoke Ib) using orbital satellites

. Preliminary results only frop Prairie Smoke 1b are in-

Cluded in this report.,
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1. INTRODUCTION

(S§) This paper describes the results of two types of experiment designed to
study the nature of the irregularities produced by the ionospheric heating
transmitter located at Platteville, Colorado. Two types of experiment were
used. In the first, signals ffom a geostationary satellite at 137 MHz were
examined by means of a set of spaced receiving antennas on the ground, the
line of sight passing through the disturbed region of the ionosphere. In the
second, signals fror an orbiting satellite at 150 MHz were received at a
point such that its line of sight intersected the disturbed region in the
ionosphere.

(U) The detailed objectives of these experiments are set out in Section 2;
Section 3 describes the location, experimental design, and the types of
instrument used; the results of the geostationary and orbital experiments are
described in Section 4 and 5, and are interpreted in Section 6; conclusions

arc given in Section 7.
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2. OBJECTIVES OF TIHE EXPERIMENTS (U)

(S) The satellite transmission experiment has been suggested by Bowhill, ct al.
(1971) as a suitable way to obtain information leading to a morphological mo-
del (and hence a radar-scattering model) of the irregularities produced by
ionospheric heating. The objectives of this experiment were further revicwed
by Bowhill (1971) and it was pointed out that two types of experiment could

be carried out; a geostationary experiment and an orbital experiment. These
experiments share the concept that a frequency is chosen high enough to justify
neglecting diffraction effects, thereby allowing geometric optics to be used;
and high ecnough also for the phase fluctuations observed at the ground to be
less than a radian, pemmitting shallow-diffraction-screen theory to be used
(Bowhill, 1961).

(S) lonospheric heating apparently produces two kinds of irregularities in

the I region of the ionosphere. The first consists of field-aligned variations
of ionization (striations) with a spatial period normial to the magnetic field
of about 1 km, probably ecxtending through the entire I region; because of the
similarity of this phenomenon to naturally-occurring spread F, it has been

called artificial snread ¥ (ASF). The second is a much finer structure, ca-

creasced attenuation of HEF radio signals reflected from the ionosphere; it has
been called "wide-bamd attenuation' [WBA),
(5) For cach of these types of irregularities (ASF and WBA) it is important
to determine:

1. Whether the structure is field-aligned.

2, Dimensions and orientation of the correlation ellipsoid associated
wit  the various structure sizes present,

SECRET
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3. Relative intensity of the electron-density fluctuations as a function
of altitude,

4. Large-scale horizontal variation of fluctuation intensity in the
north-south and east-west directions (the horizontal extent).

5. Variations of the quantities with time when the heater is switched
on or off.

6. Drift velocity of the clectron-density fiuctuations.
These are minimum requirements to establish u scattering model of the irregu-
larities. The following additional objectives are important from the point
of view of possible systems applications:

7. Intensity and time scale of amplitude fluctuations of signals trans-
mitted through the heated region as a function of wave frequency.

8. Magnitude of angle-of-arrival scintillations for various frequencies
of transmitted wave,

9. Occurrencce of multipath cffects, such as multipath scintillations or
uff-line-of-sight scatter.

. “f-frequency scatter of UlF signols,

11, De.radation of various types of modulation transmitted through the
heiated region.

When yield studies of WBA and ASF are initiated, the tollowing additional ob-
jectives will be appropriate:
12. [Effect of transmitter parameters such as heater frequency, power
and modulation on the intensity of the clectron-density fluctuations

in WBA and ASF.

13, Horizontal distribution of irregularitics produced by off-vertical
antenna beam patterns for the heater transmitter,

i

14. Efficacy of new antenna concepts for the heater, such as the scanned
fan beam.

(S) These objectives can be accomplished, in the main, by ampiitude measure-
ments of satellite signals at carefully selected locations, supplemented by
interferometric measurements of relative phasc at two closely-spaced antennas.

Table 2.1 illustrates the applicability of the orbital and geostationary con-

figurations to these objectives.
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Table 2.1

Potential (P) or demonstrated (D) applicibility of the sa-
tellite transmission cxperiwent to the various objectives
using amplitude measurements from 1-3 antcnnas, or an in-
teroferometric pair (1).

Objective Geostationary Orbital
1 2 3 I ! 2 3 |
1 TFicld alignment ) . D
2. Size and orientation b o D
3. Altitude distribution D 1
4. Horizontal extent b D
5. Onset and decay D D h
6. Drift velocity D D
7. Fading with frequency p P
8. angle flntter with frequency p
9, Multipath effects P 0
10. Off-frequencv scatter P P
11, Modulation degradation P - P
12, lleater parameters _r I
13. Off-vertical heating P p
14, New antenna concepts P P

SECRET




SECRET

3. EXPERIMENTAL CONFIGURATIONS v

(3' During Prairic Smoke 1, because of the relatively short time available
to mount a ficld cxperiment, attention was concentrated on implementing a mo-
bile geostationary satellite receiving station. It consisted of a 23' Concord
travel trailer, with a S-kW diese! alternator as power supply, providing a
completely mobile installation. Transmissions from the ATS-5 satcllite on
its telemetry frequency of 136.47 Mz was received on three specially con-
structed 6-element circularly-polarized Yagi antennas mounted on tripods,
with battery-operated Vanguard dual-gate MOSFET RF converters for each antenna.
Spacings up to 300 m were used (see Section 4). The reccivers used were
Allied Radio type AX-190 solid-state crystal-controlled amateur receivers
modified for linear detector output. Signals were recorded on a dual-channel
llewlett-Packard 77028 thermal _writing recorder; failure of one channcl neces-
sitated the use of an Ampex battery-operated cassette recorder for some of
the data.

(S) Two rural sites were used, in the vicinity of Newcastle and Lance Creek,
Wyoming. On Figure 3.1, a meridional section through Platteville shows the
lines of s.ght to the ATS-S satellite from Newcastle and Lance Creek. Con-
tours of ionospheric heating calculated by Meltz and LeLevier (1970) have
been superposed on the diagram. Curved-carth corrections have been made to
the altitudes over Platteville (though the lines of sight have been drawn
straight for simn! i ity).

(S) The orbital experiment w:s carried out separately on December 6, 1971,
without a mobile receiving station. Dual circularly-polarized turnstile an-

tennas were used to receive signals from a US Navy navigational satellite at

149.88 MHz. The same models of RF converter and receiver were used as in the
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peostationary experiment, the signals being recorded in real time on a ther-
mal-writing recorder. ‘The product detector BIO output of the receivers was
recorded (together with WWV) on a Sony Type 366-4 4-channcl tape deck.,  ‘Thesce
signals were later played back through a Hewlett-Packard 310 A wave analyzer,
acting as a tracking filter with 200 Hz bandwidth, and recorded on a thermal-
writing recorder.

(8) The satellite orbit elements were provideua for the sace ..te by NORAD,
and the azimuth and elevation calculated by Lincoln Laboratory (Tabic 3.1)

for a site at 41.55°N, 104.055°W; this being the location of the po.at whose
geomagnetic field line passes over the heater traasmitter at an altitude of
300 km. In fact (due to the lack of a second mobile field station) the nearest
available site was a motel at Pinc Bluffs, Wyoming, at a latitude of 41.18"N,
An azimuth-elevation plot is shown, corrected for the changed location, in
Figure 3.2.

(S8) During Prairie Smoke Ib on February 14-17, 1972, further observations
were made of the scintillation .f signals at about 150 MHz. Since the periods
of observation were limited by observational considerations, it was not pos-
sible to usc a single receiving site for all four days. Accordingly, the
nearcst pass to overhead was selected. It was then assumed that the greatest
intensity of fluctuation would be found when the satellite line of sight (LOS)
passed through a point at 300-km altitude directly over Platteville. For the
passes nearest to overhead, the satellite LOS was traced through the 300-km
point to the surface of the carth. Dur.ng the satellite pass, the intersec-
tion sweeps in a general N-5 direction. The points for each day at which it
intersected Interstate Route 80 were determined, and established as the obser-

vation point for each day; they are shown on Figure 3.3. Subsequent analyses

of the satellite passes for cach location (Table 3.2) showed that the LOS

SECRET




il

SECRET

Table 3.1 -
Satellite Orbit Elements:
Perigee = 1029 :
Julian Day = 41287.83711624 Semi-major Axis = 1,17025511
Mean Anomaly = 99,5169 SMA Dot = -,1312767E-06
Inclination = 89,9887 SMA DotDot = ,1840790E-13
Eccentricity = ,0076090 . Ecen Dot = -, 11132E-06
Right Ascension = 278.8173 Rt ASC Dot = -,00113
Argument of Perigee = 259,7345 Arg Per Dot = -2,87455
Site Location: 41.55°N, 104.055°W
Times are after 1300 MST on 6 December 1971
Time Range Az El Time Range Az El
Min Sec (km) (deg) (deg) Min Sec (km) (deg) (deg)
26 0. 3909.7 177.3 .1 30 40. 2219.8 179.2 22.3
26 10. 3848.0 177.4 7 30 50. 2163.2 179.3 23.4
26 20, 3786.2 177.4 1,3 31 . 2107.1 179.5 24.7
26 30, 3724.5 177.5 1.9 31 10, 2051.6 179.6 26.0
26 40, 3662.8 177.5 2,5 31 20, 1996.8 179.7 27.3
26 50, 3601.1 177.6 3.1 31 30, 1942,6 179.9 28.7
27 0. 3539.5 177.6 3.7 31 40. 1889.2 180.0 30.2
27 10. 3478.0 177.7 4.4 31 50. 1836.7 180.2 31.8
27 20, 3416.5 177.7 5.0 32 0. 1785.1 180.4 33.4
27 30, 3355.0 177.8 5.7 32 10. 1734.4 180.6 35.1
27 40, 3293.,7 177.8 6.4 32 20, 1684.9 180.8 36.9
27 50.. 3232.4 177.9 7.0 32 30, 1636.6 181.1 38.7
28 0. 3171.3. 177.9 7.8 32 40, 1589.5 181.4 40.7
28 10. 3110.3 178.0 8.5 32 50. 1543.9 181.7 42.7
2f 20, 3049.,3 178.0 9.2 33 0. 1499.,9 182.0 44,9
28 30. 2988.6 178.1 10.0 33 10. 1457.6 182.4 47.2
28 40, 2928,0 178.2 10.8 33 20, 1417.2 182.9 49,6
28 50, 2867.5 .78.2 11.6 33 30. 1378.8 183.4 52.1
29 0. 2807.3 178.3  12.4 33 40. 1342.7 184.0  54.7
29 10, 2747.2 178.4 13.2 33 50. 1309.0 *°-.8 57.5
29 20, 2687.4 178.5 14,1 34 0. 1277.8 185.7 60.4
29 30, 2627.8 178.5 15.0 34 10, 1249.5 186.8 63.4

29  40. 2568.5 178.6 16.0 34 20, 1224,1 188.3 66.5
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Table 3 continued

Time Range Az El Time Range Az El
Min Sec (km) (deg) (deg) Min Sec {km) (deg) (deg)
29 50, 2509.5 178.7 16.9 34 30. 1202.0 .190.2 69.6
30 0. 2450.8 178.8 17.9 34 40. 1183.2 192.9 72.9
30 10. 2392.4 178.9 18.9 34 50, 1168.0 197.0 - 76.2
30 20, 2334.5 179.0 20.0 35 0. 1156.4 203.6 79.5
30 30. 2276.9 179.1 21.1 40 10. 2216.5 355.7 23.1
35 10, 1148.6 216.1 82.5 40 20, 2273.4 355.9 21.9
35 20, 1144.7 242,1 84.8 40 30. 2330.7 356.0 20.8
35 30. 1144.7 784.3 85.1 40 40. 2388.4 356.1 19.8
35 40.  1148.5 314.6 83.1 40 50. 2446.5 356.2 18.7
35 50, 1156.3  329.1 80.2 41 0. 2505.0 356.3 17.7
36 0. 1167.8 336.7 77.0 41 10. 2563.7 356.4 16.8
36 10. 1183.0 341.2  73.7 41  20. 2622.8 356.5 15.9
36 20, 1201.7 344.1 70.4 41  30. 2682.1 356.6 15.0
36 30. 1223.8 346.2 67.2 41 40. 2741.6 356.7 14.1
36 40. 1249.1  347.7 64.1 41 50, 2801.4 356.8 13.2
36 50. 1277.4  348.9 61.2 42 0. 2861.4 356, 12.4
37 0. 1308.4  349.9 58.3 42 10. 2921.5 356.9 11.6
37 10. 1342,1 350.6 55.5 42  20. 2981.8 357.0 10.8
37 20, 1378.1 351.3 52.9 42 30. 3042.3 357.1 10.1
37  30. 1416.4 351.8 50.4 42  4o0. 3102.9  357.2 9.3
37 40. 1456.7 352.3 48.0 42 50, 3163.6 ' 357.3 8.6
37 50. 1498.9  352.7 45.7 43 0. 3224.4  357.3 7.9
38 0. 1542.8 353.1 43.6 43 10. 3285.3 357.4 7.2
38 10. 1588.3 353.4 41.5 43  20. 3346.3 357.5 6.5
38  20. 1635.2  353.7 39.5 43 30, 3407.4  357.6 5.9
38 30. 1683.4  354.0 37.7 43  40. 3468.5 357.6 5.2
38 40. 1732.8 353.2 35.9 43  50. 3529.7 357.7 4.6
38 50, 1783.2 354.4 34.2 44 0. 3590.9  357.8 4.0
39 0. 1834.7 354.6 32.6 44 10, 3652.2 357.8 3.3
39 10. 1887.1 354.8 31.0 44  20. 3713.5  357.9 2.7
39 20, 1940.3  355.0 29.6 44 30, 3774.9  358.0 2.2
39 30, 1994.3  355.2 28.2 44  40. 3836.2 358.0 1.6
39 40. 2048.9  355.3 26.8 44 50, 3897.6  358.1 1.0
39 50. 2104.2  355.5 25.5 45 0. "3959.0 358.2 .4
40 0. 2160.1  355.6 4020.3 358.2 a.1

24,3 45
SECRET
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AZIMUTH 3clso°

¢ 13:36:00 MST

e 13:35:30
270°— -
80\. 13:35:00
INTENSE
FADING
70
~ 13:34:30 AL
60
e 13:34:00
ELEVATION
5()~\\
e 13:33:30
40\ 0 13:33:00
Figure 3.2

Azimuth-elevation plot for satellite passing over Pine Bluffs,
Wyoming on 6 December 1971 (U).
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passed over Platteville at altitudes of 284 to 316

the predictions,
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4. RESULYS OF GEUSTATIONARY SATELLITE EXPERIMENT (U)

($) During the two weeks of PRAIRIL SMOKE 1 over 30 hours of data were ob-
tained in the form of real-time chart recordings and magnetic tape recordings.
Most of the data were obtained on October 13, 14, and 15 at the Newcastle site
and on October 19 and 20 at the Lance Creek site. A variety of experimental
difficulties contributed to the relatively small amount of data collected;
primarily, the lack of time to adequately test the system components prior to
deployment in the field.

(§) Spaced-antenna measurements were made at both locations with an east-
west baseline. On October 20, three antennas were used with the third anten-
na to the north of the baseline so as to form an isosceles triangle (see Fi-
gure 4.1). Table 4.1 gives a summary of the antennas in operation and their
separation for the days when data taken were of good quality.

4.1 Fading Intensity Results (U)

(S) Proper reduction of amplitude fading data to give a fading intensity as

a percentage of the mean amplitude can most easily be accomplished by digital
data reduction. Since this instrumentation is not yet available (but is ex-
pected to be by the timc of the next series), a simple technique suitable for
hand reduction was used; namely, the measurement of the third or fifth largest
excursion in the amplitude during a one-minute or two-minute period. This,
expressed as a percentage, gives a reasonable indication of average fluctuation
of the amplitude.

(S) At Newcastle, the scintillation was almost nonexistent except when the
tr.nsmitter frequency was close to foF2. Therefore, only time intervals with
time-correlated fading at the two antennas were identified. The average period

(time between maxima in the amplitude fluctuations) and baseline time shifts

SECRET
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4.3 sec - 3.5sec

GE 3
ANTENNA
LOCATIONS
N 300 m
L E
GE | GE 2 I 2
L“ 150 m ——>-1
Figure 4.1

Illustrating time shifts between antennas in the geostationary experiment,
1323-1325 MDT October 20, 1971 (U).
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Date

13 Oct 1971
14 Oct 1971
i5 Oct 1971
19 0ct 1971

20 Oct 1971
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Table 4.1

Availability of Scintillation Data (5)

Location

Newcastle
Newcastle
Newcastle
Lance Creek

Lance Creek

Antenna,
- 150, 300m
-- 300
-- 300

-- 300

300m 150
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were examined for each interval. Only the amplitude fpeak-to-peak} of the
third largest excursion in each minute was recorded. This value dividcd by
the dc level (mean signal amplitude) gave the fading intensity (1) for the
minute. The maximum and average values of I were recorded for earh interval
when fading was observed. The signal-to-noise ratio, which was occasionally
recorded, was sufficiently large and stable so as to be ignored in the above
approximat ton,

(S) For the data taken at Lance Creck two-minute time intervals werc examined,
and the fifth largest excursion in each interval was measured and divided by
the mean amplitude to give the fading intensity 1. The resulting fading in-
tensities are shown graphically in Figures 4.2, 4.3, and 4.4 for October 19
and 20. Evidently, the fading intensity increases quite rapidly as soon as
the heating commences. Figure 4.5 illustrates this in more detail. The
heating commenced at 1308 MDT, and by 1310 very substantial fading was pre-
sent. Pollowing the switchoff of the heater at 1325, therce was a relatively
gradual decrease in the fading intensity over a four or five minute period
(the heater came on again at 1330).

(S) Figure 4.6 illustrates another case of the decay of fading following the
cessation of heating at 1119 on October 20. It is interesting to note that
longer-period fading persisted for some time after the shorter-period fading
had disappeared.

4.2 Structurc and Drift Results (U)

(S) As illustrated in Figure 4.1, when three spaced antennas were used, fading
patterns were observed which were quite similar, but displaced in time by a
few seconds. These data were analyzed by the method of similar fades, to give
the size of the structure observed at the ground, and the direction and mag-

nitude of movement of the irregularities. East-west and north-south time

SECRET
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Fading index, 0800-1200 MDT October 19, 1971 w).
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Figure 4.3

Fading index, 0930-1135 MDT October 20, 1971 (U).
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Figure 4.4
Fading index, 1300-1550 MDT October 20, 1971 (U).
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Figure 4.5

Fading, 1305-1330 MDT October 20, 1971 (U).
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Figure 4.6

Fading, 1116-1120 MDT October 20, 1971 (U).
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shifts for October 19 and 20 are presented on Figures 4.7, 4.8, and 4.9.

(S) Briggs, et al. (1950) were the first to develop a general method of
treating moving amplitude diffraction patterns. They assumed that the ampli-
tude pattern on the ground could be represented by a correlation function
whose equicorrelation contours form an ellipsoid of revolution in three coe
ordinates, the two spatial coordinates in the ground plane and time.

(8) 1t has been shown by Sales (1956) and others that provided the pattern
observed on the ground is highly elongated and that the component of the drift
velocity parallel to the mzjor axis is small compared to the perpendicular
component, then the calculation of the pattern orientation and velocity is
greatly simplified.

(8) The first condition was satisfied in that an almost perfect time corre-
lation was observed implying a greatly elongated pattern. The second condi-
tion will be assumed for the present. Sales shows that under these conditions
the locus of points of maximum cross correlation form a straight line known

as the line of maxima in nearly the same direction as the major axis of the
pattern.

(S) For the antenna spacings used on October 20 the orientation of the line

of maiima and the velocity of the pattern are determined by the foilowing re-

lations:
@ = arctan ([(tIS/tlz) -1]cote¢)
where
8 = angle north of east for easterly motion between the perpendicular
to the line of maxima and the east-west baseline,
t, = time shift representing maximum cross correlation between the

east and west antennas,
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Figure 4.7
Brseline time shift, 0800-1200 MDT October 19, 1971 (U).
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Figure 4.8

Baseline time shift, 1000-1140 MDT October 20, 1971 (U).
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Figure 4.9

Baseline time shift, 1310-1550 MDT October 20, 1971 (U).
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time shift representing maximum cross correlation between the

L west and north antennas,
¢ = base angle of isosceles triangle which the antennas form,
V=1L cos e/t12
where
V = pattern velocity component perpendicular to the line of maxima,
L = east-west antenna separation.

Values for the velocity based on the time shifts observed on October 20 are
shown in Figures 4.10, 4.11, and 4.12, and the corresponding directions of
the lines of maxima for October 20 are given in Figure 4.13. The velocities
are to be interpreted as being resolved in a direction normal to the line of
maxima, and consistently in a west-to-east direction.

(S) The average fading period is defined simply as the number of maxima in a
given stretch of record divided into its duration. For a Gaussian autocor-
relation function, this is just 3.63 times the time separation required to
give an autocorrelation of exp(-1/2), or 0.61. Since the fading pattern ap-
pears -to move over the receiving antennas without change of form, one may use
the observed velocity to deduce a separation period, or average structure size,
transverse to the line of maxima, simply by multiplying the deduced velocity
by the average fading period. The results of this calculation are presented
in Figures 4.14 and 4.15 for October 19 and 20, respectively.

(S) Velocities and structure size for October 19 (only two antennas being a-

vailable) were deduced on the assumption that the line of maxima was nearly

in the north-south direction (as it was on October 20).
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Figure 4,10

Velocity, 0800-1205 MDT October 19, 1971 (U).
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Velocity, 1000-1135 MDT October 20, 1971 (uU).
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Velocity, 1300-1540 MDT October 20, 1971 (U).
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DIRECTION (DEGREES NORTH OF EAST)
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Figure 4,13

Striation direction, 1000-1540 MDT October 20, 1971 ().

31

(

y




| Hﬂw

STRUCTURE SIZE (m)

STRUCTURE SIZE (m)

SECRET

ON OFF ON OFF ON OFF ON OFF ON
1000+
Cw IcCW| B2 Cw Bl Bl
800
600} /\ N
a00}- —y \
_———\
2001 \T
1 1
800 830 900 930 1000
TIME (MDT) 19 OCT. 71
OFF ON OFF ON OFF
1200 B2 A B2
1000
800
WEAK

600t SCINTILLATIONS
400
200+

1000 1030 1100 1130 1200

TIME (MDT) 19 OCT. 71
Figure 4.14

Striation size, 0800-1205 MDT October 19, 1971 (v).
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Figure 4.15
Striation size, 1000-1540 MDT October 20, 1971 (U).
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5. RESULTS OF ORBITAL EXPERIMENT (U)

(8) The satellites of the US Navy Satellite Navigation System are a1l in ap-
proximately circular polar orbits at heights of about 1000 km above the earth's
surface. Since their times of passage are distributed (though somewhat ir-
regularly) throughout the day, they are particularly suitable for transmission
studies of specific regions of the ionosphere such as that over Platteville.
Unfortunutely, only one or two a day ~ass sufficiently near overhead to permit
their use as a consistent diagnostic for a fixed station, and these may not

b suitable times on any given day. However, on December 6, 1971 the pass
described in Table 3.1 and Figure 3.2 took place, the satellite passing within
5° of overhead and very close to the magnetic field line above the receiving
station.

(S) Figures 5.1 and 5.2 show the behavior of the fading inte.:ity and the a-
verage fa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>